K eratoconus (KTCN; Online Mendelian Inheritance in Man
[OMIM], 148300) is a noninflammatory type of corneal ectasia characterized by thinning of the corneal stroma and progressive conical corneal protrusion, each of which results in impaired vision. 1 Although patients less severely affected may use eyeglasses and contact lenses for vision correction, those more severely affected often require corneal transplantation for visual rehabilitation. Keratoconus is the most common of the noninflammatory ectatic disorders of the cornea, with an estimated incidence between 1 in 500 and 1 in 2000 persons. 2 Given the prevalence of this disorder, it is not surprising that keratoconus is one of the most common indications for corneal transplantation. 3, 4 Although most cases of keratoconus are sporadic, 5% to 10% of patients have a positive family history. 2, 5 In such cases, both autosomal dominant and recessive patterns of inheritance have been described. 6 -8 Genomewide linkage analysis of affected pedigrees has demonstrated evidence of linkage to several different chromosomal loci, including 5q14.3-q21.1, 9 16q22.3-q23.1 (designated keratoconus 2), 7 3p14-q13 (keratoconus 3), 10 and 2p24 (keratoconus 4). 11 However, the genetic locus designated keratoconus 1 on chromosome 20p11.2 was not identified by linkage analysis. Instead, the visual system homeobox 1 gene (VSX1), located within the chromosome 20p11-q11 candidate gene region for posterior polymorphous corneal dystrophy (PPCD; MIM, 122000), was initially selected for screening in patients with PPCD. 12 The VSX1 gene belongs to a family of homeodomain transcription factors that are thought to control cell differentiation in craniofacial and ocular development, making it a good functional candidate gene for PPCD. 13, 14 Although neither Fuchs endothelial corneal dystrophy (FECD) nor keratoconus has been linked to this region, screening of the VSX1 gene was performed in patients with FECD because PPCD and FECD are corneal endothelial dystrophies and may share common clinical features. 12 Previous reports linking PPCD and keratoconus [15] [16] [17] [18] [19] led the authors to speculate regarding a common genetic etiology for the two disorders; thus, they also performed mutation screening of the VSX1 gene in patients with keratoconus (these patients did not have PPCD). The authors did acknowledge, however, that the two disorders demonstrate distinct clinical features and that the major pathologic defects in keratoconus lie in the anterior cornea, whereas PPCD is limited to the posterior cornea. 12 The identification of sequence variants in the VSX1 gene in patients with keratoconus and PPCD has led to the assumption in the ophthalmic research community that mutations in the VSX1 gene are responsible for PPCD and keratoconus. Several research articles have been published purporting to identify pathogenic mutations in patients with keratoconus and other ocular disorders. 20, 21 We suspected different pathogenetic mechanisms for these two disparate corneal disorders and have demonstrated that the VSX1 gene sequence variants identified in PPCD patients are most likely only polymorphisms. 22 In this study, we report the results of mutation analysis of the VSX1 gene in 100 unrelated patients with keratoconus. Because only a single patient was found to harbor one of the previously identified presumed pathogenic mutations, which may be considered a polymorphism because it has been identified in persons without keratoconus, we conclude that the VSX1 gene has not been demonstrated to play a role in keratoconus.
MATERIALS AND METHODS
This study was conducted in accordance with the tenets of the Declaration of Helsinki.
Patient Identification
After institutional review board (IRB) approval was granted (UCLA IRB 94-07-243-22B; Cedars-Sinai IRB 939), informed consent was obtained from patients diagnosed with KTCN in the clinical practices of AJA and YSR. The diagnosis of KTCN was based on the presence of character- The publication costs of this article were defrayed in part by page charge payment. This article must therefore be marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.istic topographic features of keratoconus (inferior or central corneal steepening or asymmetric bow tie pattern with skewing of the radial axes) and the presence of one or more of the following characteristic clinical features in one or both eyes: conical corneal deformation, corneal stromal thinning, Fleischer ring, or Vogt striae.
DNA Collection and PCR Amplification
Informed consent was obtained from each subject after an explanation of the nature and possible consequences of study participation. Genomic DNA was isolated from peripheral blood leukocytes or buccal epithelial cells (QIAamp DNA Mini Kit spin protocol; Qiagen, Valencia, CA).
All five exons and intron/exon boundaries of the VSX1 gene were amplified with the use of custom-designed oligonucleotide primers ( Table 1) 
DNA Sequencing
Sequencing reactions were performed with BigDye Terminator Mix version 3.1 (Applied Biosystems [ABI], Foster City, CA). Samples were denatured at 96°C for 2 minutes, then cycled 25 times at 96°C for 10 seconds, 50°C for 5 seconds, and 60°C for 4 minutes. Unincorporated nucleotides were removed using the CleanSeq reagent and a SPRI plate (Agencourt Bioscience Corp., Beverly, MA) according to the manufacturer's instructions and then were analyzed on an ABI-3100 Genetic Analyzer (ABI) after resuspension in 0.1 mM EDTA. Nucleotide sequences were compared with the published VSX1 cDNA sequence (GenBank accession number NM_014588).
RESULTS
The 100 unrelated patients with keratoconus recruited into the study ranged in age from 18 to 79 years. Two of the patients had a first-or second-degree relative with keratoconus, and one patient also had PPCD. Two of the patients had undergone unilateral corneal transplantation before presentation; thus, the diagnosis of KTCN was based on clinical and topographic findings in the unoperated eye.
Screening of the VSX1 gene demonstrated that of the four mutations previously associated with keratoconus (Leu17Pro, Asp144Glu, Leu159Met, and Arg166Trp), only Asp144Glu was identified in a single affected patient. This patient, who did not have a personal or family history of glaucoma, was diagnosed with bilateral keratoconus at age 16, and at age 17 underwent penetrating keratoplasty in her left eye 7 months after the development of hydrops. Additionally, none of the three mutations considered possibly associated with keratoconus (Gly160Asp, His244Arg, Pro247Arg) were identified in any of the affected patients. Two novel SNPs were identified, both resulting in synonymous substitutions-c.53GϾT (Ser6Ser) in four patients and c.209GϾT (Pro58Pro) in two patients. Two previously reported SNPs were also identified: c.426CϾA (Arg131Ser; refSNP ID, rs6050307) in one affected patient and c.581AϾG (Ala182Ala; refSNP ID, rs12480307) in 51 of the 100 affected patients.
DISCUSSION
Although the VSX1 gene is expressed in the retina, where it is thought to play a role in the development of retinal bipolar interneurons, 23, 24 no expression has been detected in the mouse cornea 25, 26 or in one of two studies using RT-PCR performed on RNA isolated from adult human cornea. 12, 13 As expected, VSX1 mutant mice do not demonstrate a mature cone bipolar cell phenotype. 24 However, the discovery that no corneal abnormalities were observed through gross examination or with light and electron microscopic examination in VSX1 ϩ/-and VSX1 -/-mice provides functional evidence suggesting the loss of VSX1 gene function may not result in the keratoconus or PPCD disease phenotypes.
Heon et al. 12 selected the VSX1 gene for screening as a positional candidate gene for PPCD (MIM, 122,000) because it is positioned within the chromosome 20p11-q11 PPCD1 candidate region. Although the PPCD candidate gene region is not one to which keratoconus has been linked previously, the investigators chose to screen the VSX1 gene in keratoconus patients because of previous reports of the coexistence of the two corneal disorders. [15] [16] [17] [18] [19] Sequence variants were identified in four patients; two mutations (Leu159Met and Arg166Trp) were not identified in control subjects and were considered pathogenic, whereas the other two mutations (Asp144Glu and His244Arg) were also identified in subjects without keratoconus and thus were considered only possibly pathogenic. However, insufficient evidence exists to consider either the Leu159Met or the Arg166Trp mutation as causing disease because neither was demonstrated to sort with the disease phenotype: the Leu159Met mutation was identified in one pedigree (three affected siblings and one affected parent), but no unaffected family members were examined. In addition, the Arg166Trp mutation was identified in a single sporadic patient with keratoconus; VSX1 screening was not performed in any family members.
Bisceglia et al. 21 identified four missense mutations in 7 of 80 patients with keratoconus. One of the two mutations considered pathogenic, Leu17Pro, was not identified in the cohort screened by Heon et al., 12 whereas the other, Asp144Glu, was reported by Heon et al. 12 in a patient without keratoconus and has been reported by the authors in an unaffected control subject. 22 The other two missense mutations identified, Gly160Asp and Pro247Arg, were considered possibly pathogenic, though these mutations were previously associated with PPCD, not keratoconus, 12, 22 and the Gly160Asp mutation was not found to segregate with the keratoconus phenotype in an affected pedigree. From these two reports, four mutations in the VSX1 geneLeu17Pro, Asp144Glu, Leu159Met, and Arg166Trp-purportedly cause keratoconus. We identified only one of these previously reported mutations, Asp144Glu, in a single affected patient. Given that the Asp144Glu mutation has already been demonstrated in two reports in unaffected control subjects, it may be considered a polymorphism. The other three mutations have been identified in only one (Leu159Met and Arg166Trp) or three (Leu17Pro) affected probands from a total of almost 250 unrelated patients with keratoconus in whom VSX1 gene screening has been reported (including this report). 12, 21 Thus, the lack of evidence to support the previous conclusions that these mutations are pathogenic, the failure to demonstrate corneal expression of the VSX1 gene, the absence of any corneal abnormality in the VSX1 knockout mouse model, and the identification of presumed pathogenic mutations in the VSX1 gene in less than 2% of keratoconus patients provides strong evidence that the VSX1 gene does not play a major role in the pathogenesis of keratoconus.
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